A new type of water-soluble sulfonated crown ether has been prepared and utilized as an ion size selective masking reagent with a view to establishing a highly selective extraction-separation system. In the synergistic extraction of alkaline earths with 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone and trioctylphosphine oxide in cyclohexane, the extraction of these with larger ionic radii shifted to a higher pH region on adding the sulfonated crown ether to the aqueous phase, giving improved separations. A similar result was achieved in the extraction of lanthanides into cyclohexane with bis(2-ethylhexyl)phosphoric acid. The complex formation of alkaline earth and lanthanide ions with the sulfonated crown ethers in the aqueous solution were evaluated via the solvent extraction method.
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The use of masking reagents in the aqueous phase is well known as an effective method for selective separation of metal ions. Complex formation of macrocyclic compounds such as crown ethers and cryptands with alkali, alkaline earth and lanthanide cations exhibits a quite different tendency 1,2 from that of open chain chelating reagents such as B-diketones. Macrocyclic ionophores have been generally used alone as extractants3 or as synergists with chelating extractants.45 The authors have reported that a solvent extraction system of higher selectivity can be developed by the combination of chelating reagents and macrocyclic compounds as ion size selective masking reagents.6-8 However, the organic solvents which can be utilized in such systems are limited, for the macrocyclics such as 18-crown-6 added to the aqueous phase as masking reagents distribute to the organic phase and in many cases reduce the selectivity through adduct formation with the metal chelates, while at the same time, the extractions are enhanced. In order to minimize the distribution of crown ethers, cyclohexane was employed as the organic phase in the previous papers. [6] [7] [8] In the present work, a new type of watersoluble crown ether has been prepared and applied to the synergistic extraction of alkaline earths into cyclohexane with 4-benzoyl-3-methyl-1-phenyl-5pyrazolone (HPMBP) and trioctylphosphine oxide (TOPO). The application of the sulfonated crown ethers in this way was extended to the extraction of lanthanides with (D2EHPA).
di(2-ethylhexyl)phosphoric acid

Experimental Chemicals
Benzo-12-crown-4, benzo-15-crown-5, benzo-18-crown-6, dibenzo-18-crown-6 and dibenzo-.24crown-8 were purchased commercially from Tokyo Kasei and dibenzo-21-crown-7 from Wako. Di(2-ethylhexyl)phosphoric acid (Aldrich) and TOPO (Dojindo) were commercially available. HPMBP was synthesized as described in the literature. 9 The crude compound was recrystallized from dioxane-water and dried under reduced pressure. Benzo-18-crown-6 was sulfonated with sulfuric acid in acetonitrile.i0 Other sulfonated crown ethers were prepared by the identical procedure.
Apparatus
The measurement of metal ion concentrations was made with a Japan Jane! Ash ICAP-500 inductively coupled argon plasma atomic emission spectrometer. A Taitec BR-30L bioshaker was used to equilibrate the aqueous and organic phases at a controlled temperature.
Time-resolved laserinduced fluorescence spectroscopy was measured according to the literature.11
Extraction procedure
The extraction of alkaline earths and lanthanides were performed in a similar manner reported previously.s,lo Results and Discussion
Extraction of alkaline earths in the presence of SBISC6
In the synergistic extraction of alkaline earths (M2+) with HPMBP (HA) and TOPO (L), the overall extraction equilibrium and the extraction constant can be written as follows:
where subscript o denotes the organic phase and D ([MA2L]d[M2+}) Sis the distribution ratio of an alkaline earth. The numbers of TOPO units in the adducts are 2 for Mg, Ca and Sr, and 3 for Ba. 12 The extraction of alkaline earths was made with 0.05 mol dm -3 HPMBP and 0.01 mol dm -3 TOPO in cyclohexane in the absence and in the presence of 0.03 mol dm-3 SB18C6; log D (SB18C6 absent) and log D' (SB18C6 present) are plotted against pH in the aqueous phase. The slopes of the straight portions of the plots are found to be 2, as expected f rom eq. 2. Alkaline earths were extracted in the order, Mg2+ > Ca2+ > Sr2+ > Ba2+, which is the order of their ionic radii. 13 Alkaline earths were not extracted with HPMBP in the absence of a neutral ligand such as TOPO, because the remaining water molecules in the chelate reduce hydrophobicity drastically.
When 0.03 mol dm-3 SB18C6 was added to the aqueous phase, the extractions occurred in a higher pH region. The pH1~ values, at which half of metal ion is extracted, are 2.92, 3.24, 4.16, and 4.86 in the absence of SB18C6 and 3.02, 3.40, 4.63, and 5.79 in the presence of SB18C6 for Mg2+, Ca2+, Sr2+ and Ba2+ respectively, giving the ApH112 values in the Table 1 .10 The OpHir2 value increases as the metal ion becomes larger, that is, SB18C6 shifted the extraction curves to higher pHs, improving the separations, especially for calcium/strontium and strontium/barium. Evidently SB18C6 acts as an ion size selective masking reagent in the aqueous phase. The partition constants of SB18C6 between cyclohexane and water, and between benzene and water, are 10 -4.99 and 10 -4.53, respectively, indicating that the concentration of SB18C6 in the organic phase is negligible. It was reported for 18C6 that the partition constants are 10-2.91 for cyclohexane/water and 10-1.31 for benzene/water, 5 showing that the concentration of 18C6 in the benzene phase is not negligible in this case. In fact, even in the absence of TOPO, alkaline earths were extractable with HPMBP and 18C6 which acts simultaneously as an alternative synergist in the organic phase and as a masking reagent in the aqueous phase. 8 The distribution ratio of metal ions in the presence of SB18C6, D', can be expressed as in eq. 3, where 13 is the complex formation constant of SB18C6 with alkaline earths in the aqueous phase (4) The log Ii values were calculated by the nonlinear least square method on the basis of eq. 4 and are given in Table 2 . 10 The log Ii values increase in the order Mg2+ < Ca2+ < Sr2+ < Ba2+. Consequently, the extraction region for the larger metal ions shifts to higher pHs, resulting in improved separation.
The separation factor, SF, between two metal ions, M1 and M2, is defined by SF = log (DM1 / DM2) (5) SF in the absence of SB18C6 can be derived from Table 1 Extraction parameters for alkaline earths eq. 2 as in eq. 6 when s1 equals s2. SF = log (KX ,L,M1 e/ Kex,L,M2) (6) The separation factor in the presence of SB18C6, SF', is derived from eq. 3 as in eq. 7 when s1 and s2 are the same and [5B18C6] is high enough.
SF' = log (Kex ,L,M1 I Kex,L,M2)('M2/M1) (7) Comparing eqs. 6 and 7, w e see that the separation factor can be improved by up to log(8M2/B 1) . Separation factors in the presence and absence of SB18C6 are given in Table 1 . Since the separation factor for Sr/Ba depends on the concentration of TOPO because s1 and s2 are different, it is necessary to specify that [TOPO]O = 0.01 mol dm-3.
Complex formation of lanthanide ions with sulfonated crown ethers in aqueous solution
The complex formation reactions of lanthanide ions (La3+, Ce 3+, Pr 3+, Nd 3+, Sm3+, Eu 3+, Gd 3+, Dy3+, Er3+ and Yb3+) with the sulfonated crown ethers in aqueous solution were evaluated by analyzing the distribution of lanthanide ions in the D2EHPA/cyclohexane solvent extraction system in the presence and absence of the crown ether.
The difference between D' and D was too small to obtain B of the complexes with 18C6 for the heavy lanthanide ions and with 15C5 for all of the ions. All of the sulfonated crown ethers examined in the present work show the appreciable complexation with lanthanide ions. The present results are unforeseen and would support the significant contribution of the sulfonic acid group to the complexation.
The stability of the resulting complex increases with the increase in the number of the sulfonic acid groups in the following order; 18C6 < SB18C6 < BSDB18C6. It can be considered that the outersphere interaction between the sulfonic acid group and the metal ion can contribute to the complexation stability. Further, for mono-and disulfonated crown ether complexes, the stability varies in the order, SB18C6 < SB15C5 < SB12C4 and BSDB18C6 < BSDB21C7 < BSDB24C8. The stability of the complexes can not be explained only on the basis of the concept of a "size fitting effect", though it is known that the cavity size of 18C6 (radius; 1.34-1.43 A) is similar to the ionic size of the lighter lanthanide ions. It is found that Q for all of the sulfonated crown ether complexes with lanthanide ions decreases gradually with the increase in the atomic number. This indicates that the cavity size is not the significant factor that governs the complexation behavior with lanthanide ions.
Separation factors for the extraction of lanthanides in the presence of crown ethers are seen in Table 3 . The sulfonated crown ethers are found to be more effective than 18C6 especially for heavier lanthanides.
Hydration states o f the Eu3+ complexes o f crown ethers
The number of water molecules, n°H2o, in the first coordination sphere of the central Eu 3+ in the complex was determined by a laser-induced luminescence study.11 The n°H2o of the hydrated Eu3± ion in H2O was determined to be 9.0±0.5 which agrees well with the literature value. 11 In general, it could be expected that the number of the hydrated water molecules around the central metal ion decreases with the stronger binding of the inner-sphere interaction type armed crown ethers to the metal ion. However, the opposite tendency is seen in our results; for the complexes of the 18-membered crown ethers and Eu 3+, n°H2o increases with the increase in the number of the sulfonic acid groups; that is, n°1120 increases with the increase in the stability of the complex. The n°H2o value also increases in the order, SB18C6 < SB15C5 < SB12C4 for the monosulfonated crown ethers, the same order in which their log Q values increase. The n°H2o value for the disulfonated crown ether complex is almost the same.
Luminescence spectroscopy of Eu3+ -crown ether complexes in aqueous solution
Fluorescence spectra were measured to evaluate the structure of the complexes. The position of the Eu3+ complex emission bands in aqueous media did not depend on the existence and kind of the crown ether; however, changes in the relative intensities of the SDo -~ F1 (592 nm) and ~F2 (616 nm) emissions were observed. The relative intensities are reported to be very sensitive to the detailed nature of the ligand environment, reflecting the hypersensitive character of the SDo -' Table 2 Complex formation constants (log a) Table 3 Separation factors for lanthanides F2 transition.15,16 P denotes hereafter the relative intensity ratio of the Eu(III)-crown ether complexes. Because P(18c6) is equal to P(EU3+), it can be considered that Eu 3+ is incorporated in the cavity without diminishing symmetry. For SB18C6 which contains one sulfonic acid group, P(sB18c6) becomes larger due to the interaction between the Eu3+ and the sulfonic acid group resulting in lower symmetry than that of the 18C6 complex. The BSDB18C6 complex could recover symmetry due to the two sulfonic acid groups. The values of P for BSDB21C7 and BSDB24C8 are larger than that for BSDB18C6. In addition, P SB18C6), being similar to P(SB15c5), is smaller than P . The symmetrical coordination would be reduced by the interaction ascribed to the sulfonic acid group and the larger or smaller cavity than that of the 18 membered macrocycle.
Stability
The unusual stability of lanthanide ions with the sulfonated crown ethers which have one or two binding sites is dominated by two primary factors;
(1) ion-dipole interaction between the metal ion and the crown ether donating oxygens and (2) the long-range interaction between the metal ion and the sulfonic acid group. These synergistic effects should be taken into consideration. The sulfonic acid group and the crown ether moiety do not work separately. The preliminary experiment shows that the complexation of lanthanide ions with 18C6 was not affected by the addition of benzenesulfonic acid (0.1 mol dm-3).
On the basis of the results of n°H2o measurement and luminescence study, the possible structures of the europium complexes with various sulfonated crown ethers are postulated and illustrated in the scheme. It can be considered that n°H2o decreases as the binding becomes stronger, that is, we assume that the europium ion with a lower value of n°H2o would be located nearer the cavity. The results of the fluorescence spectroscopy also support the structure of the complexes. The symmetry of the coordination environment of the metal ion in the aqueous solution depends on the extent of the interaction of the metal ions with the crown ether ring and the sulfonic acid groups.
The Eu3+ ion which reacts with SB18C6 and BSDB18C6 is withdrawn from the cavity by the sulfonic acid group. The order of Q is SB18C6 < BSDB18C6, although the hydration number increases as SB18C6 (6.5) ,< BSDB18C6 (7.1); in other words, the interaction of crown ether oxygens and the Eu3+ would be enhanced in the order, SB18C6 > BSDB18C6. This tendency suggests that the contribution of the sulfonic acid group to the complexation stability is larger than that of the crown ether moiety.
For the monosulfonated crown ether complexes, n°H2o increases in the order, SB18C6 (6.5) < SB15C5 (7.0) < SB12C4 (8.1), as expected from the cavity size. Actually, the complexation stability with 15C5 was too low to obtain. However, the stability increases in the same order as n°H2o• The results obtained could not be anticipated from the cavity size. In the case of SB15C5 and SB12C4, the Eu3+ is not included in the cavity and is located at a distance from the ring, which could enhance the interaction with the sulfonic acid group.
For the disulfonated crown ether complexes, n°H2o increases slightly in the order, BSDB18C6 (7.1) < BSDB21C7 (7.3) < BSDB24C8 (7.4), while the stability increases as BSDB18C6 < BSDB21C7 < BSDB24C8. The binding with the crown ether moiety would be comparable as expected from the similar n°H2O. The ring conformation becomes more flexible as the ring size enlarges, which would enable the close contact of the sulfonic acid group with the central metal ion.
